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Abstract—This paper develops a comprehensive framework
of Area Angle Monitoring (AAM) to monitor the stress of
bulk power transfer across an area of a power transmission
system in real-time. Area angle is calculated from synchrophasor
measurements to provide alert to system operators if the area
angle exceeds pre-defined thresholds. This paper proposes general
methods to identify these warning and emergency thresholds, and
tests a mitigation strategy to relieve the area stress when the
area angle exceeds the threshold. In order to handle the limited
coverage of synchrophasor measurements, this paper proposes
methods to estimate phase angles for boundary buses without
synchrophasor measurements, which extends the application of
AAM. AAM is verified for a power transmission area in the
Western Electricity Coordinating Council system with both sim-
ulated data and synchrophasor measurements recorded from real
events. A utility deployment to test the framework for monitoring
area angle with live-stream and recorded synchrophasor data is
described.
Index Terms—Real-time application, area angle, synchropha-
sor measurements, wide area monitoring, mitigation strategy
I. INTRODUCTION
THE stress of bulk power transfer through an area suddenlyincreases when there are multiple line outages inside the
area. Therefore it is important to monitor the stress in real-time
and provide an alert to system operators if the outages cause
overloads that make the system insecure. Then appropriate
control actions can be taken to relieve the stress.
Synchrophasor technology is developing rapidly in recent
years. Synchrophasor technology uses monitoring devices,
called phasor measurement units, which take high-speed mea-
surements of phase angles, voltage and frequency that are
time stamped with high-precision clocks. The measurements,
typically taken 30 times a second, can quickly track system
changes undetectable through traditional monitoring systems
used in the industry [1]. This makes new energy management
applications possible, including model validation, oscillation
monitoring, islanding detection and wide area monitoring.
References [2], [3] use angle difference between two buses
to monitor the stress of power flow. Simulations of the system
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state before the 2003 USA/Canada blackout suggest the im-
portance of increased angle difference for triggering blackouts
[2]. Indeed, many large cascading outages start with multiple
outages initially occurring at a slow rate due to line overloads
and other effects [4]–[6]. Some cascading outages could be
prevented if there are methods giving the situational awareness
for fast emergency actions to relieve stress caused by multiple
outages, and this is one motivation for real-time monitoring of
area angles. The need for fast emergency actions can also arise
when there are multiple simultaneous outages during extreme
events such as storm, fire, icing, or an earthquake.
There are some established methods of detecting and re-
solving overloads due to power transfers. References [7]–
[9] compute minimum security margins under operational
uncertainty with respect to thermal overloads. Reference [10]
provides a tool for computation of transfer capability margins.
These methods and applications are developed on top of
SCADA and state estimation and can provide a comprehensive
monitoring of the system status at the SCADA sampling
rate. Area Angle Monitoring (AAM) using synchrophasor
measurements is approximate but faster, and it can monitor
the stress of bulk power transfer through areas in real-time
under multiple contingencies when the state estimator may
not readily converge.
The concept of area angle is proposed in [11], [12] based on
circuit theory. Reference [13] shows that the area angle tracks
the bulk power stress due to line outages inside the area and
gives an approach to determine the emergency threshold of
area angle. If the monitored area angle exceeds the emergency
threshold, the area bulk power transfer should be reduced.
Since reducing the area bulk power transfer can be translated
into a specific action, the AAM is not only monitoring but
also supplying actionable information to mitigate the stress.
Although some advantages of AAM have been demon-
strated in [13] using simulated data, there are still challenges
for practically applying AAM in real-time using synchropha-
sor measurements. They are:
1) The deployment of AAM and testing using synchropha-
sor measurements in utilities need to be done.
2) AAM requires synchrophasor measurements for all the
boundary buses of the monitored area in order to calculate
area angle. However, in reality, some boundary buses may not
have synchrophasor measurements.
3) The methods for quickly calculating area angle thresholds
need improvements.
4) Mitigation strategies to reduce the area bulk power
transfer need more detail and testing.
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2This paper addresses these challenges and moves AAM
towards industry application. The main contributions are:
1) A comprehensive framework of AAM for real-time
monitoring of bulk power transfer stress is proposed, which
can guide utilities to apply AAM within their footprints.
A real-time monitoring platform of AAM is developed and
deployed at Bonneville Power Administration (BPA).
2) Either Linear State Estimation (LSE) or Phase Angle
Compensation (PAC) is used to support the calculation of
area angle when not all boundary buses have synchrophasor
measurements, which extends the applicability of AAM.
3) A new method to automatically calculate the warning
threshold of area angle is proposed.
4) AAM is verified with both simulated data and syn-
chrophasor measurements for an area in the Western Electricity
Coordinating Council (WECC) system.
5) A practical mitigation strategy is proposed to release the
stress of the bulk power transfer across the area when area
angle exceeds the emergency threshold.
The rest of the paper is organized so that Sections II and III
give an overview of AAM and a comprehensive framework of
AAM, Section IV demonstrates AAM for an area in WECC,
and Section V draws the conclusion.
II. OVERVIEW OF AREA ANGLE MONITORING
Two buses are connected by two identical lossless trans-
mission lines in Fig. 1. Assume θab is the angle difference
Fig. 1: Monitor stress across two parallel lines with angle difference.
between buses a and b, Pab is the power flow from bus a to
bus b, and Pab,max is the maximum power flow from a to b.
Consider two scenarios:
1. Pab increases.
2. Line 1 is tripped and Pab does not change.
For scenario 1, when Pab increases, θab increases propor-
tionally, indicating the increased stress of power flow. The
maximum power flow Pab,max does not change. In scenario 2,
line 1 trips, Pab,max decreases and θab increases. Therefore the
angle difference θab can indicate the increase of stress caused
by either increased power flow or line outage. When a line
outage occurs, Pab,max halves and θab doubles. Thresholds
for θab can be set up to distinguish outage severity.
Fig. 2: Schematic diagram of a monitored area
Area angle [11]–[13] generalizes angle difference between
buses to angle difference across an area as in Fig. 2. The
stress of bulk power transfer through the area is indicated by
a weighted combination of phase angles at the boundary buses
of this area as the area angle:
θarea = w1θ1 + w2θ2 + ...+ wmθm (1)
where wm is the weight for bus m, θm is the phase angle of
bus m, and m is the number of boundary buses.
The weights on the boundary buses [11] are calculated as
w = (w1, w2, ...wm) =
σaBeq
bmod
(2)
where σa is a vector with ones at the positions of the buses
at the sending side of the area and zeros at the positions
of the buses at the receiving side, Beq is the equivalent
susceptance matrix of the area at the boundary buses, and
bmod = σaBeqσ
T
a is the bulk susceptance of the area.
It is approximately the case that the monitored area angle
gets larger as the maximum power that could enter the area
decreases. This property can be used to set up alarm/warning
and emergency thresholds to monitor the area stress [13].
The reason for using the area angle to monitor stress for only
one particular pattern of power flow through only one specific
area is that if the area angle indicates too much stress, the
mitigating action is clearly to reduce that particular power flow
through the area [13]. That is, monitoring the area angle for a
specific area gives actionable information. Other area angles
can be set up and monitored for other areas and patterns of
stress as needed. In contrast to the area angle, more generic
combinations or selections of angle differences can indicate a
general stress but are not well associated with specific actions.
III. FRAMEWORK OF AREA ANGLE MONITORING
We propose the comprehensive framework of AAM shown
by Fig. 3. It gives the core components (offline calculations
and real-time application) needed for utilities to apply AAM
in real-time using synchrophasor measurements.
Fig. 3: Framework of AAM
The offline study provides the monitored area, the boundary
buses, weights of boundary buses, and area angle thresholds.
They are needed for calculation of area angle and detection of
system status in real-time application. The inputs of the offline
study include the power flow model, the system transmission
map, and the synchrophasor placement.
The offline study contains 4 steps:
3Step 1: With the power flow model, select a monitored area,
its sending and receiving edges, and its boundary buses that
mostly have synchrophasor measurements.
Step 2: Calculate the weights for the boundary buses with
Kron reduction.
Step 3: Contingency analysis. Calculate the maximum pow-
ers that could enter the monitored area and the corresponding
area angles under N-1 contingencies. For more details see [13,
Section III-D].
Step 4: Identify area angle thresholds based on the results
from Step 3. This will be discussed in Section III-A.
For real-time application, synchrophasor measurements are
collected in a Phasor Data Concentrator (PDC) from PMUs in
substations. These data are sent to a platform for calculating
area angle. The calculation needs a pre-defined configuration,
including the boundary buses, weights of boundary buses,
and area angle thresholds. Then the results are visualized
and shown to system operators. Warning or emergency status
will be detected if the area angle exceeds the corresponding
threshold. A mitigation strategy will be recommended to
reduce the area stress if emergency status is detected. A
real-time monitoring platform of AAM is implemented and
deployed at BPA, as described in Section IV-H.
Some low-quality synchrophasor measurements could affect
the accuracy of the area angle. However, low-quality syn-
chrophasor measurements can be detected by the techniques in
[14] that can be easily integrated into the proposed framework.
A. Area Angle Thresholds
Reference [13] defines an emergency threshold of area
angle, but the warning threshold is subjective. This paper
proposes a better method to identify the warning threshold.
Consider the set of maximum powers that could enter the
monitored area without violating line flow limits under N-1
with n line contingencies as {P 1mod, ..., P imod, ..., Pnmod} sorted
into a descending order. (These maximum powers are calcu-
lated according to [13, Section III-D].) P 1mod corresponds to
the least severe contingency, P imod corresponds to contingency
i and Pnmod corresponds to the most severe contingency.
For contingency i, the system is placed in the limiting
power flow condition of Pnmod, line i is outaged, and the
corresponding area angle θimod is then calculated as:
θimod = w1θ
i
1 + w2θ
i
2 + ...+ wmθ
i
m (3)
where θim is the phase angle of boundary bus m under
contingency i. Doing this calculation for each contingency
gives the set of area angles {θ1mod, ..., θimod, ..., θnmod}.
The standard deviation for three consecutive points in
{P 1mod, ..., P imod, ..., Pnmod} is calculated as
σk = σ([P
k−2
mod , P
k−1
mod , P
k
mod]), 3 ≤ k ≤ n (4)
starting with k=3 and increasing k until σk ≥ τ , where τ is a
constant. Then the warning threshold is
θthr,wmod = θ
k
mod (5)
θthr,wmod is the first point at which the maximum powers decrease
significantly, indicating a relatively heavy stress inside the
monitored area. Any other contingency that causes the area
angle to be larger than θthr,wmod will give the warning status.
Also practically useful is that no action is needed if the area
angle is less than θthr,wmod .
The area angle corresponding to Pnmod is identified as the
emergency threshold [13]:
θthr,emod = θ
n
mod (6)
θthr,emod corresponds to the largest area stress satisfying the N-1
security criterion. Any multiple contingencies that cause the
area angle to be larger than θthr,emod will give emergency status
since they correspond to violating the N-1 criterion.
B. Area Angle Thresholds with Angle Compensation
The thresholds of area angle obtained from Section III-A.
are based on the power flow model. There may be a mismatch
of area angle calculated from the power flow model and real-
time monitoring with synchrophasor measurements for normal
status. The mismatch is defined as
∆θcom = θope − θmod (7)
where θmod is the area angle obtained from the power flow
model for normal status and θope is the area angle obtained
from real-time operation for normal status.
By compensating the angle thresholds obtained from the
power flow model with ∆θcom, the area angle thresholds for
real-time monitoring are calculated:
θthr,wope = θ
thr,w
mod + ∆θcom (8)
θthr,eope = θ
thr,e
mod + ∆θcom (9)
C. Detection of Warning and Emergency Status
For real-time monitoring, when the area angle θarea ex-
ceeds the emergency threshold θthr,eope , an emergency status is
detected. When θthr,wope ≤ θarea < θthr,eope , a warning status
is detected. A time delay tarea is applied to prevent false
detection of warning or emergency status.
D. Mitigation Strategy for Reducing the Stress
If the area angle exceeds the emergency threshold, indicat-
ing that the stress of bulk power across the area violates the
N-1 criterion, the stress needs to be mitigated quickly. The
area angle has an advantage of a physical interpretation as
the angle across the area satisfying Ohm’s law [11]. Ohm’s
law ensures that a mitigation strategy reducing the power flow
through the area will reduce the area angle proportionally.
Another advantage of real-time area angle monitoring is that
if operators perform the mitigation, they can quickly see the
response of area angle to verify the mitigation.
One simple mitigation strategy is generator ramp up or load
shedding on the receiving side of the power system. This
is equivalent to and can be tested by shedding load on the
boundary buses at the receiving side of the area. Assuming the
total amount of load to shed is Ltotal, we shed load on each
receiving bus is proportional to the magnitude of its weight:
Lj = |wj |Ltotal, 1 ≤ j ≤ r (10)
4where r is the number of boundary buses at the receiving
side. (Note that the boundary buses on the receiving side have
negative weights that sum to −1.)
E. Estimate Angle on Boundary Buses without Synchropha-
sors
For the calculation of area angle, the ideal situation is that
all boundary buses are installed with synchrophasor measure-
ments. However, in reality, it is common that not all boundary
buses are installed with synchrophasor measurements.
Linear state estimation [15] can extend the observability of
system using synchrophasors in the scenario shown by Fig. 4.
In Fig. 4, bus i is a boundary bus without synchrophasor
measurements connected by a transmission line to bus 1 with
synchrophasor measurements. The phase angle of bus i can
be estimated if bus 1 has voltage measurement and a current
measurement on the transmission line and the impedance of
the transmission line is known.
Fig. 4: Linear State Estimation of bus i phase angle using voltage and current
PMU measurements at neighboring bus 1.
Consider the more general scenario shown by Fig. 5: buses
1 and 2 are far away from the boundary bus i and they
have synchrophasor measurements, and buses 3, 4, 5 without
synchrophasor measurements are the neighbors of bus i. The
phase angle of bus i cannot be estimated using LSE. However,
Fig. 5: Estimating phase angle of bus i using PAC
a practical method to roughly estimate the phase angle of bus i
using Phase Angle Compensation (PAC) is
θi = θj,sm + θi,PAC (11)
where θj,sm is the phase angle of bus j with synchrophasor
measurements (j is 1 or 2 in Fig. 5). The PAC θi,PAC of
boundary bus i is the angle difference between bus i and bus j
calculated from DC power flow in the offline study. Bus j is
the bus with synchrophasor measurements closest to bus i in
terms of electric distance.
The set of PACs is obtained from offline study and used in
real-time, and we prefer to use a constant set of PACs rather
than updating it frequently since it involves several steps from
the offline study. The case studies in subsection IV-E test the
accuracy of PAC for estimating area angle.
F. Updating Thresholds when Topology Changes Significantly
The area angle thresholds are computed offline and used in
real-time. They need to be updated when the system topology
changes significantly, such as in scheduled maintenance.
(a) Original method (b) Proposed method
Fig. 6: Methods for updating area angle thresholds under topology change
1) Original Method
Reference [13] does not explicitly present a method to
update area angle thresholds, but a similar approach can be
summarized by Fig. 6(a). There are 4 important steps:
Step a: Calculate the set of maximum powers
{P 1mod, P 2mod, ..., Pnmod} for all N-1 contingencies sorted
into a descending order. Select the maximum power Pnmod
with the worst case contingency.
Step b: Obtain a new bus injection vector Pnew by placing
the system in the condition of limit of Pnmod.
Step c: For contingency k, calculate the area angle θkmod.
Step d: Identify area angle thresholds with (5) and (6). Note
that (5) is not used by [13].
The area angle for contingency k using the weights before
contingency k is calculated as (12):
θkmod = wθ
k
m =
σaBeq
bmod
θkm (12)
θkm = eab · [(Bk)−1Pnew] (13)
where θkm is the vector of phase angles for the boundary buses,
Bk is the susceptance matrix under contingency k, eab is the
column vector of length n with ones at the positions for the
boundary buses.
2) Proposed Method
The original method needs steps a,b,c,d to calculate the
area angle for each contingency. Among these, step a
is especially complex and it requires the calculation of
{P 1mod, P 2mod, ..., Pnmod}. In order to avoid this calculation, we
propose the simplified approximate method of Fig. 6(b).
If the topology change caused by contingency k is consid-
ered in the calculation of weights, the calculated area angle
using the updated weights is indicated by θ[k]mod, where
θ
[k]
mod =
σaB
k
eq
bkmod
θkm (14)
5Bkeq is the equivalent susceptance matrix of the boundary buses
considering contingency k, and bkmod is the bulk susceptance
of the area considering contingency k.
Apply Ohm’s law to the area angle at the maximum power
transfer of the base case to get
Pmod = bmodθmod (15)
where Pmod is the base case maximum power through the
area without violating the line flow limits, and θmod is the
corresponding area angle with Pmod through the area.
Also, considering the maximum power transfer when con-
tingency k occurs, we have
P kmod = b
k
modθ
[k]
mod (16)
where P kmod is the maximum power through the area consid-
ering contingency k, and θ[k]mod is the corresponding area angle
with P kmod through the area.
The results from section 4.4 in [18] show that θ[k]mod ≈ θkmod.
Then we can have:
P kmod = b
k
modθ
k
mod (17)
Sometimes there are no parallel paths outside the area for
power transfer from the sending side to the receiving side of
the area. The area is a cutset area [11], [12]. Then when a non-
islanding contingency k occurs, the generation stays the same
and P kmod = Pmod. Moreover, there is a good approximation
when the parallel paths outside the area have high impedance.
In this case, when a non-islanding contingency k occurs, P kmod
≈ Pmod [18], [19]. So we have:
θkmod =
P kmod
bkmod
≈ Pmod
bkmod
(18)
This approximation, but applied to the monitored area angle
instead of the threshold angle, is also used and discussed in
[19, eqn. (13)].
Instead of using (5) and (6), we propose the approximate
emergency threshold θˆthr,emod and warning threshold θˆ
thr,w
mod as
θˆthr,emod = max{θ1mod, θ2mod, ..., θnmod} (19)
θˆthr,wmod =
1
2
[
θˆthr,emod + min{θ1mod, ..., θnmod}
]
(20)
The warning threshold (20) is the average value of the min-
imum and maximum values of {θ1mod, θ2mod, ..., θnmod}. Since
the emergency threshold is used to detect more severe events,
its approximation (19) is acceptable only if it is sufficiently
accurate. The case study in subsection IV-F compares the
approximate and original area angle thresholds.
IV. CASE STUDIES
A. Model and Parameter Preparation
The case studies use the power flow model for the 2020
heavy summer case of the WECC system provided by BPA.
PMUs are mainly deployed for high-voltage power trans-
mission. For a reduced power flow model with high-voltage
level, it is relatively easy to select a monitored area with a large
coverage of synchrophasor measurements on the boundary
buses. However, the model we have is a detailed model, and
under this circumstance, static network reduction is needed.
A reduced/equivalent model (≥ 230kV) is obtained using
the modified Ward reduction [16]. Note that Kron reduction
is a standard tool to obtain a “network-reduced” or “Ward-
equivalent” model for power flow studies [17]. The main
difference between the Kron/Ward reduction and the modified
Ward reduction is that all generators in the original model
are retained integrally in the reduced model with the modified
Ward reduction. Reference [16] verifies the accuracy of the
modified Ward reduction by comparing the power flows of
the original and reduced models. The original and reduced
models are compared in Table I.
TABLE I: Comparison of Models
Original Model Reduced Model
Number of Buses 20507 3101
Number of Generators 4019 4014
Number of Lines 26395 8000
The parameters chosen are τ = 0.5 p.u. and tarea = 5 s. The
offline study of AAM in Fig. 3 is implemented with MATLAB
R2019a. GE Positive Sequence Load Flow Software V21.5 is
used to generate the simulated data used in subsections IV-C
and IV-E. Light, medium, and heavy loadings are considered.
The difference of active load between heavy and medium
loadings is 1000 MW, and the difference of active load
between medium and light loadings is around 23 000 MW.
B. Monitored Area and Area Angle Thresholds
A monitored area is selected inside the reduced model
of WECC. The monitored area roughly covers Oregon state
and contains 176 transmission lines and 106 buses. The bulk
power transfer of interest is from north (sending side) to
south (receiving side). There are 14 boundary buses; 7 of
them are on the sending side and 7 are on the receiving side.
The area angle weights of buses 1–7 on the sending side are
[0.1271, 0.5303, 0.2616, 0.0396, 0.0385, 0.0005, 0.0023], and
the weights of buses 8–14 on the receiving side are [–0.1269,
–0.0958, –0.0017, –0.1615, –0.2979, –0.2766, –0.0395].
1) Max Powers and Area Angles under N-1 Contingencies
To set the emergency threshold, we need to examine the
worst case maximum powers that could enter the monitored
area under N-1 line contingencies. The maximum powers that
could enter the monitored area and area angles corresponding
to the non-islanding N-1 contingencies are shown by Fig. 7(a).
Basically the area angle increases as the maximum power
decreases [13]. This verifies that area angle can distinguish the
stress of bulk power transfer caused by different contingencies.
Fig. 7(a) is used to set the emergency threshold.
Note that Fig. 7(a) excludes lines that are equivalenced in
the reduced model; that is, we only apply the N-1 criterion to
lines within the monitored area in the reduced model that also
appear in the original model. The reason is that removing an
equivalenced line in the reduced model has an effect that is
unrelated to the effect of removing a line in the original model,
so that applying the N-1 criterion with the equivalenced lines
does not correctly reflect the N-1 criterion applied to the
real system. We can see the effect of applying the N-1 to all
6(a) N-1 contingencies;
equivalenced lines excluded
(b) N-1 contingencies;
all lines in reduced model
Fig. 7: Maximum powers and area angles
the lines within the monitored area of the reduced system,
including the 54 equivalent lines (176 lines inside the area), in
Fig. 7(b), as additional more extreme outliers. (Of course, one
way to prevent problems with equivalenced lines is to avoid
system reduction, but that entails a larger system model.)
We check that the 6581 lines of the detailed model elim-
inated in the system reduction do not significantly affect the
area angle by removing each of those lines in the detailed
model, obtaining a new reduced model with each of those
lines in the detailed model removed, and recalculating the
area angle with the system placed in the condition of limit
of Pnmod. The recalculated area angles are within 0.4 degree
of the baseline of area angles in Fig. 7(a), indicating that the
N-1 contingencies of the lines eliminated in the reduction have
little effect on the stress inside the monitored area.
2) Area Angle Thresholds
The warning threshold using (4)-(5) and emergency thresh-
old using (6) are calculated as 21.49 degree and 24.07 degree.
The value of ∆θcom is calculated as –0.7 degree, and is
used to adjust the warning and emergency thresholds for real-
time monitoring with (8) and (9) as shown in Table II. In the
following sections, θthr,wope and θ
thr,e
ope are used for the warning
and emergency thresholds.
TABLE II: Area Angle Thresholds
Threshold Value of Threshold (degree)
(θthr,wmod , θ
thr,e
mod ) (21.49, 24.07)
(θthr,wope , θ
thr,e
ope ) (20.79, 23.37)
C. Verification of AAM With Simulated Data
AAM is verified with simulated data. Phase angles obtained
from dynamic simulation can be used as fictitious synchropha-
sor measurements. The method in Section III-E is used. This
subsection considers contingencies both outside and inside the
monitored area that stress the area.
1) Verification of AAM with Generator Trip
Contingency 1: Trip of one generator (around 1400 MW
output) in the southern part of the receiving side of the
monitored area at 60 s.
Contingency 2: Trip of two generators (around 2800 MW
output) in the southern part of the receiving side of the
monitored area at 60 s.
These contingencies are outside the area and they reduce
the generation on the receiving side of the monitored area, and
thus increases the bulk power transfer through the monitored
area. The contingencies are simulated under light, medium and
heavy system loadings.
(a) Contingency 1 (b) Contingency 2
Fig. 8: Area angle under generator trip for light loading
(a) Contingency 1 (b) Contingency 2
Fig. 9: Area angle under generator trip for medium loading
(a) Contingency 1 (b) Contingency 2
Fig. 10: Area angle under generator trip for heavy loading
From Fig. 8, we can see that the area angle increases after
the contingency occurs, indicating the increased stress of bulk
power transfer through the area. But the contingencies do not
cause area angle to exceed any threshold.
From Fig. 9, we can see that the area angle increases after
the contingency occurs. For Contingency 2, the area angle
exceeds the warning threshold. The difference of area angle
between Fig. 8 and Fig. 9 is caused by the increased power
flow through the area as the system load level increases.
From Fig. 10, we can see that Contingency 1 makes the area
angle exceed the warning threshold and Contingency 2 makes
the area angle exceed the emergency threshold. Warning status
and emergency status will be indicated for Contingency 1
and Contingency 2, respectively. Note that the system goes
unstable around 120 s for Contingency 2.
2) Verification of AAM with Line Outage
Contingency 3: Trip of one 500 kV line at 10 s.
Contingency 4: Trip of three 500 kV lines at 10 s.
These contingencies are inside the monitored area and
they reduce the capability of bulk power transfer inside the
7(a) Contingency 3 (b) Contingency 4
Fig. 11: Area angle under line outage for medium loading
monitored area and thus increase the stress. The contingencies
are simulated under medium loading.
The area angle in Fig. 11 (a) increases after this contingency
occurs but it does not exceed any threshold. Fig. 11 (b)
represents a more severe contingency and the area angle
exceeds the emergency threshold. Emergency status will be
indicated for Contingency 4.
D. Verification of AAM with Synchrophasor Measurements
Two sets of recorded synchrophasor measurements from real
contingencies are used here. These contingencies happened
inside the monitored area.
Contingency 5: Trip of one 500 kV line.
Contingency 6: Trip of two 500 kV lines. The time interval
between the two line outages is around 100 s.
(a) Contingency 5 (b) Contingency 6
Fig. 12: Area angle with synchrophasor measurements
From Fig. 12 (a), we can see that the area angle varies for
the whole time period but does not exceed any threshold.
From Fig. 12 (b), we can see that the area angle increases
significantly after the first line outage and continues increasing
after the second line outage. It exceeds the warning threshold
for more than 5 s. The warning status will be indicated.
E. Influence of PACs on the Accuracy of Area Angle
The boundary buses [4, 5, 6, 7, 8, 9, 10, 14] do not
have synchrophasor measurements. The PACs of them are
calculated as [-1.8633, -3.1933, -1.0322, 2.7367, 0.0968, -
8.7963, -9.5810, -3.9630] (degree). The weights are [0.0396,
0.0385, 0.005, 0.0023, -0.1269, -0.0958, -0.0017, -0.0395].
The influence of PACs on the accuracy of area angle is
investigated with Contingency 1 under heavy loading.
In Fig. 13 (a), the curve marked by “PMUs” assumes that
all boundary buses are installed with synchrophasor measure-
ments. The curve marked by “PMUs and PAC” uses the Phase
Angle Compensation method in Section III-E. From Fig. 13
(b), we can see that the largest mismatch is around 0.06
(a) Area angle comparison (b) Area angle difference
Fig. 13: Influence of PACs on area angle for Contingency 1
degree. It suggests that the PAC method is accurate enough
to calculate area angle. We can see that the weights for those
boundary buses without synchrophasor measurements are quite
small and the absolute values of PACs are not large, thus the
influence on the accuracy of area angle is very small.
The PAC values obtained from a power flow model could
vary with system operating condition. We investigate the effect
of using different sets of PAC values on the area angle.
Different sets of PAC values obtained from light, medium and
heavy loading conditions with the reduced model are used with
Contingency 1. From Fig. 14, the area angle curves are almost
(a) PAC comparison (b) Area angle comparison
Fig. 14: Influence of different sets of PACs on area angle
overlapped for the sets of PACs obtained from the medium
and heavy loadings. However, the area angle difference is
relatively large for using two sets of PACs obtained from
the medium and light loadings. This is caused by the large
difference of loading level between medium and light loading
conditions, which is approximately 12% of the original system
loading level. The larger the loading difference, the larger the
difference of the PACs and thus the area angle. However, in
real-time operations, such a significant change of loading is
rare. In summary, the accuracy for calculating area angle with
a set of PACs is quite high for usual loading levels.
F. Updating Thresholds Under Significant Topology Change
Consider the maintainance of two lines inside the monitored
area, the updated warning and emergency thresholds using two
methods are given in Table III. The results using the original
method are benchmarks.
TABLE III: Area Angle Thresholds
Warning Threshold Emergency Threshold
Original Method θthr,wmod =22.08 θ
thr,e
mod =26.75
Proposed Method θˆthr,wmod =23.44 θˆ
thr,e
mod =26.88
From Table III, the mismatch of θthr,wmod between two meth-
ods is 6.16%, which is not small. The mismatch of θthr,emod
8between two methods is 0.49%, which is very small. Since
mitigation strategies are needed if the area angle exceeds the
emergency threshold, we concern more about the accuracy
of emergency threshold. Thus the accuracy of the proposed
method for updating area angle thresholds is acceptable.
G. Mitigation Strategy for Reducing the Bulk Power Stress
Contingencies 7, 8, and 9 are used to verify the proposed
mitigation strategy in Section III-D. Each contingency has
three stages. The first stage is the normal state before the
contingency. The second stage is immediately after the contin-
gency. The third stage is after the mitigation of load shedding
on the buses of receiving side.
Fig. 15: Reduce area angle for three contingencies
From Fig. 15, we can see that the area angle increases at
stage 2 compared with that of stage 1 and then decreases at
stage 3 after performing load shedding compared with that
of stage 2 for each contingency, which shows the proposed
mitigation strategy working to reduce the bulk power stress.
H. Real-Time Application of AAM
We develop a platform for real-time application of AAM as
shown by Fig. 16. Synchrophasor measurements collected by
Enhanced Phase Data Simulator (EPDS) are sent out to Real
Time Dynamics Monitoring System (RTDMS) Server through
C37.118 data stream protocol. The area angle is calculated in
the RTDMS Server. The area angle and area angle thresholds
are visualized in the RTDMS Client in real-time.
Fig. 16: Platform of real-time application of AAM
This platform is deployed in BPA. It is running in their
laboratory with live stream data from synchrophasor mea-
surements. BPA has also tested it using simulated data and
recorded synchrophasor measurements for historical events.
For example, the area angle can be seen in real-time respond-
ing to Contingency 4 under medium loading in Fig. 17. The
emergency status is reported with red in the “Alarm Panel”
after the area angle exceeds the threshold. The mitigation
strategy will be implemented into the platform in future work.
Fig. 17: Visualization of AAM in real-time
V. CONCLUSION
This paper develops and applies a practical framework of
area angle monitoring (AAM) to monitor the stress of bulk
power transfer across an area in real-time using synchrophasor
measurements. To make AAM applicable in practice, we give
methods to handle incomplete synchrophasor measurements
at the boundary of the area, and methods to identify and
quickly update the area angle thresholds for emergency and
warning actions based on the AAM. We demonstrate the use of
these mitigation actions. Case studies and a utility deployment
for an area demonstrate AAM with both simulated data and
recorded and live-stream synchrophasor measurements. The
innovations and testing of AAM position it as a practical tool
for monitoring area stress and suggesting mitigation actions to
the operators when thresholds are exceeded.
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